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The present study reveals distinct spatial variability of
summer monsoon precipitation in Indian subcontinent
during Northgrippian to Meghalayan transition. Pro-
tracted dry phase lasting ~1000 yrs was observed
~4.2 ka BP in southern and northwestern India whereas
200-300 yrs event occurred in northeastern parts.
Strong El Nifio conditions beginning ~4.3 kyr BpP were
associated with the millennial long dryness in western
parts but its influence was limited in the eastern
region. Cross-verified, high-resolution records from
different geographic regions of India are still required
to ascertain if regional differences occurred in span
and magnitude during Northgrippian to Meghalayan
transition.

Keywords: Indian summer monsoon, Indus civilization,
Late Holocene, 4.2 ka event, Meghalayan age.

THE Holocene epoch has witnessed several episodes of
warm and wet climate such as early Holocene warming,
Roman Warm Period, Medieval climate anomaly inter-
rupted by cold and dry events like 8.2 ka event, 4.2 ka
event, Little Ice Age, etc.'®. Amongst dry phases, the
4.2 ka event was severe and widely studied because of
its pronounced influence on ancient civilizations’*°.
Pronounced aridity for ~200-300yrs beginning at
~4.2 kyr BP is known to have caused population migra-
tion and the collapse of several ancient civilizations, e.g.
Akkadian and Indus civilizations (IC)"®*°. However,
there are records which suggest protracted aridity
between 4.4 and 1.9 kyr sp'141°,

Indian subcontinent suffered widespread aridity during
the 4.2 ka event due to weakened Indian Summer Mon-
soon (ISM)¥*15 Reduced precipitation led to water
scarcity for agriculture and other needs of IC people and
triggered population migration towards eastern and
southern regions for better survival conditions®!*'**°,
Palaeoclimatic records display a diverse view of ISM
precipitation in terms of gradual/abruptness and span, and
its cultural influences in different regions of Indian mon-
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soon domain'®®'5, Detailed reviews on ISM variability
during Holocene are available'?, but regional precipita-
tion disparity in Indian subcontinent during the 4.2 ka
event is not much discussed. Here, we examined availa-
ble marine and terrestrial proxy records of ISM variabi-
lity from different regions in Indian subcontinent and
northern Indian Ocean (1O) for better understandings of
precipitation variability during Northgrippian to Megha-
layan transition.

Domain of ISM

ISM precipitation is pivotal for socio-economic wellbeing
of 1/3rd of human population living in Indian subconti-
nent. A moderate change in ISM intensity/amount or
onset-retreat timings affects greatly the human lives,
infrastructure, regional ecology and economy through
disastrous floods and drought-induced famines. During
boreal summers, the inter-tropical convergence zone
(ITCZ) shifts northward and moisture-laden winds from
10 enter into Indian subcontinent supplying ~75% of
annual precipitation between June and September'®!’
(Supplementary Table 1). The Arabian Sea (AS) branch
of the ISM strikes on west coast of India during the first
week of June and then proceeds towards central and
western India. The Bay of Bengal (BoB) branch first
strikes in northeast India and then moves westwards
along strike of the Himalaya.

ISM proxy records

A score of ISM proxy records from AS and BoB, and
continental archives such as lakes, peats, speleothems,
etc. from India are used in this review. Details of the rec-
ords discussed in this study are given in Figure 1 and
Supplementary Table 2. Based on meteorological data,
India has been divided into five homogenous rainfall
zones (excluding Himalayan region), i.e. peninsular India
(PI), west-central India (WCI), northwest India (NWI),
central northeast India (CNEI) and northeast India
(NEN?'. Proxy records are discussed accordingly.
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Himalayan records are divided into central and western
Himalaya. Sites situated in NWI, CNEI and WCI exist in
a typical ISM zone receiving ~85% of precipitation be-
tween June and September, whereas central and western
Himalaya also receive significant precipitation through
mid-latitude westerlies during winters>'*%!" (Figure 1,
Supplementary Table 1). Some parts of Pl gets precipita-
tion through NE monsoon during winters and NEI
receives a significant rainfall during May and October.

Discussion/analysis of regional monsoon records
Arabian Sea

The 0 ratios of planktic foraminifer Globigerinoides
ruber from the Hole 63KA, northern AS show significant
enrichment at ~4.2 kyr Bp, suggesting a sudden salinity
rise due to decline in Indus River discharge linked to
reduced precipitation in western Himalaya through weak-
ened ISM™ (Figure 2 d). The driest conditions occurred
between 4.2 and 4.0 kyr Bp with weak ISM conditions
lasting for ~500 yrs until 3.7 kyr BP (Figure 2 d). Recently,
Giesche et al’ suggest a weakening of the ISM
~4.8 kyr BP and the weakest phase occurred between 4.1
and 3.9 kyr Br. Reduced ISM winds intensity was obser-
ved over AS during that time®. Two episodes of decrea-
sed Al(%) at site SK 148/55 were observed centred at
4.35 and 3.5 kyr BP, suggesting less terrigenous input in
AS with low ISM precipitation on land areas™® (Figure
2 ¢). During 4.2-1.5 kyr BP, AS oxygen minimum zone
was intensified taking its present shape, marked by strong
denitrification®?°. A decrease in benthic foraminifera spe-
cies diversity, and Globigerina bulloides abundance, and
increased dysoxic species at site 723 A ~4.2 kyr Bp that
lasted till 1.5 kyr BP, are attributed to weak ISM and
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Figure 1. Map showing the location of sites whose data has been dis-
cussed in this study. Details are shown in Supplementary Table 2.
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enhanced flow of highly saline, oxygen-poor Red Sea
water at intermediate depths of the AS, and reduced ver-
tical mixing due to winter monsoon® (Figure 2a). A
2-4 m of sea-level fall in AS was also suggested after
middle Holocene®. The varve thickness near Karachi
coast, Pakistan decreased between 3.8 and 3.6 kyr BP
linked to reduced Indus river discharge by less precipita-
tion in the watershed upstream? (Figure 2 e). The Red
Sea also witnessed a notable dry event at ~4.2 kyr BP as
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Figure 2. Indian summer monsoon variability proxy records from the

Arabian Sea: a, Hole 723A (ref. 20); b, Site 74 KL (ref. 25); ¢, SK
148/55 (ref. 18); d, 63KA (ref. 13); e, SO 90-39 (ref. 22); f, 5*°N (%o,
air) from AS (ref. 19).
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evidenced by increased sea surface salinity lasting up to
4.0 kyr BP (ref. 23). A recent study from northeastern AS
revealed arid events ~4.2 and 1.2-1 kyr Bp with ITCZ
migration southwards that led increased westerlies influ-
ence on the sedimentation processes®. On the contrary, a
decrease in the dolomite concentration in core 74KL bet-
ween 4.6 and 3.4 kyr BP has been ascribed to reduced dust
concentration from the Arabian Peninsula due to wetter
climate linked with strong ISM conditions?® (Figure 2 b).
However, the temporal resolution in this study is low.

Bay of Bengal

Enriched 60 in G. ruber from cores RC12-344 and
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30 - @ (Ponton et al., 2012)
@
a
-9
>
£
O
w0
(Zorzi et al., 2015) ‘-;\a,
&
=
wn
8
“
) I (Achutyan et al., 2014)
2 36+© >
& L
>
£
o
w0
@
a
AV -5
>
£
59
(Rashid etal., 2011) “©
@
=)
=9
>
£
o
w0 L
28 ,'_@ ..... o L (Rashidlcl ?L.:(A)(T—]_) »
1000 2000 3000 4000 5000
Age (yrs BP)
Figure 3. Indian summer monsoon variability proxy records from the

Bay of Bengal: a, RC12-344 (ref. 26); b, VM-29-19 (ref. 27); ¢, SNSC
03-2008 (refs 28, 29); d, NGHP-01-16A (ref. 31); e, NGHP-16A (ref.
32).
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Ganga—Brahmaputra and Irrawaddy rivers linked to
lowered ISM rainfall between 4.8 and 1.4 kyr BpP (refs 26,
27) (Figure 3 a and b). Multi-proxy analyses of a gravity
core SNSC 03-2008 from Landfall Island region, north
Andaman indicate higher smectite, lowered kaolinite and
illite content, and enriched 50 in G. ruber, suggesting
dry to semi-dry climate with weakened ISM between 4.4
and 4.2 kyr Bp (refs 28, 29) (Figure 3 c). Ranasinghe et
al.*® also suggested sea-level fall near the coast of Sri
Lanka after 4 kyr Bp. Zorzi et al.*! using pollens of sedi-
ment cores NGHP-01-16A and NGHP-01-19B from the
outlets Mahanadi and Krishna-Godavari from BoB sug-
gested an arid terrestrial climate from 4.2 kyr BP to Pre-
sent (Figure 3d). The progressive decrease in ISM
intensity between 4.2 and 2.5 kyr BP marked multi-
centennial shifts towards ecologically contrasting aridity
from moisture-loving vegetations. Similar inferences
were made using C-isotopes of leaf wax from core
NGHP-16A, suggesting increasing aridity in Pl between
4.0 and 1.7 kyr Bp (ref. 32) (Figure 3 e).

Peninsular India

The carbon isotopes study from peat deposits of the Nil-
giri hills suggested the dominance of C4 grasses between
5 and 2 kyr Bp, indicating arid regional climate due to
weak ISM*. A recent study from the Shantisagara Lake,
Karnataka also exhibited an abrupt change in Co¢/N ratio
from 9.1 to 36.6 and very low sand deposition and re-
duced magnetic susceptibility at ~4.3 to 3.3 kyr BP, indi-
cating possible drying up of the lake and dominance of
terrestrial vegetation®* due to declined ISM conditions
(Figure 4a). 6™Cqq n-alkanes and terrestrial-aquatic
ratio from the Ennamangalam lake, Tamil Nadu (Figure
4 b) also suggest low terrestrial input with low ISM rain-
fall between 4.5 and 3.0 kyr Bp (ref. 35). Warrier et al.*®
suggested an arid phase from 3.7 to 2.0 kyr BP from the
Thimmannanayakanakere Lake, Karnataka.

West-Central India

High-resolution palaeoclimatic records are sparse in WCI
covering Middle to Late Holocene transition. A palyno-
logical study from the Sapna Lake, Madhya Pradesh
shows the dominance of non-arboreal plant taxa over the
arboreal ones between 3.8 and 2.7 kyr BP, suggesting an
arid climate coupled with weak ISM conditions®”*. An-
other study from the Nitaya Lake, Madhya Pradesh
revealed weak monsoon phase between 4.7 and 2.8 kyr Bp
(ref. 39). Multi-proxy records from the Lonar Lake,
Maharashtra indicate a prolonged phase of declining
precipitation gradually during the Middle to Late
Holocene transition between 4.6 and 3.9 cal kyr BP
(Figure 4 c)*.
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Northeastern India

The type sample for the Meghalayan age, a speleothem
580 record from the Mawmluh cave, Meghalaya, indicates
an abrupt enrichment, suggesting a weakening of the ISM
for ~200 yrs at ~4.0 kyr Bp (ref. 10) (Figure 4 d). Another
speleothem 580 record with a quasi-annual resolution
from the same cave suggests multidecadal phases of weak
ISM between 4.2 and 3.9 kyr Bp (ref. 41). A multi-proxy
record from the Pankang Teng Tso Lake, Arunachal Pra-
desh reveals an arid phase and reduced vegetation growth
(Figure 4 e) between 4071 and 3888 cal yrs BpP (ref. 42).
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Figure 4. Indian summer monsoon variability proxy records from (a)
Shantisagara Lake, Karnataka, P1*, (b) Ennamangalwam Lake, PI*, (c)
Lonar Lake, WCI*, (d) Mawmluh cave, NEI'®, (e) PT Tso Lake, NEI*,
() Kotla Dahar Palaeolake, NWI?, (g) Kharsandi Palaeolake, NWI®.
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Central Northeast India

Similar to West-Central India (WCI) there is a paucity of
data from Central Northeast India (CNEI). The available
records present an unclear picture of climate variability in
the region, possibly associated with coarse sampling reso-
lution***®. The records from the Sanai Tal, eastern Uttar
Pradesh suggest dry climate because of weak ISM from 5 to
2 kyr BP (ref. 43). However, Jalesar Tal and Lahuradeva
Lake from the same area records a warm-wet climate and
strengthened ISM between 4.7 and 3.2 kyr BP (ref. 44) and
5.3 to 4.1 kyrs BP (ref. 45) respectively. Studies in the
Karela Lake also suggested an increased forest cover link-
ing to strengthened ISM from 4.8 to 2.0 kyr BP (ref. 46).

Northwestern India

Early records of regional climate variability from Didwa-
na, Lunkaransar and Pushkar lakes from Rajasthan and
Nal Sarovar from Gujarat, Northwestern India (NWI),
suggested an increased salinity and desiccation after
4.25 kyr BP, indicating reduced precipitation linked with
weakened 1SM*"*® although the declining water level
and increasing salinity were observed since 5.0 kyr Bp.
The reduced Ca abundance and enriched 5'°0 from the
Kotla Dahar Palaeolake, Haryana also suggested a pro-
nounced weakening of the ISM® for ~200 yrs between 4.1
and 3.9 kyr Bp, however, the results indicate an extension
of this arid phase up to 3.5 kyr BP (Figure 4 ). A recent
study from the Kharsandi Palaeolake, Rajasthan also sug-
gests prolonged dry conditions after 4.4 kyr Bp (Figure
39)™. A decrease in precipitation is also inferred from
elevated 50 in teeth enamel and bone phosphate at
Bhirrana, Haryana®. Increased aeolian activity leading to
deposition of sand dunes in the region of Drishadvati
River, Haryana endorses reduced moisture in the region®.

Central Himalaya

The Rara Lake records from Nepal revealed a weakening
of the ISM between 4.3 and 3.9 cal kyr BP (Figure 5 a),
accompanied by cold climate conditions™. A speleothem
50 record from the Sahiya cave, Uttarakhand® indi-
cates little variations in regional precipitation during
4.2 ka event, although decadal-scale events were obser-
ved (Figure 5b). Whereas another speleothem record
from the Dharamjali cave, Uttarakhand suggested a step-
wise decrease in ISM precipitation from 3.9 to 1.9 kyr BpP
with prominent multidecadal events* (Figure 5 c). Paly-
nological study from the Badanital Lake indicated
decreased forest vegetation after 4.3 kyr BP ascribed to
cold-arid conditions in the region®*. A peat record near
Dokrani glacier indicated the coldest climate between 4.0
and 3.5 kyr BP during the last 7800 yrs (ref. 54). Recent
peat record from Kedarnath also indicates a highly
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fluctuating climate between 5.4 and 3.8 kyr Bp with an
overall dryness®.

Western Himalaya

The middle to late Holocene transition is suggested as a
cold-arid phase in a majority of proxy records from the
western Himalaya'*®>° (Figure 5 d—f ). Leipe et al.* by
pollen analysis from the Tso Moriri Lake, Ladakh sug-
gested the lowest regional precipitation of Holocene be-
tween 4.4 and 2.2 kyr Bp (Figure 5d). Another study
from the same lake showed a decrease in terrestrial input
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Figure 5. Indian summer monsoon variability proxy records from

Nepal and India: a, Lake Rara, Nepal®?; b, Sahiya cave, central Hima-
laya®; ¢, Dharamjali cave, central Himalaya'; d and e, Tso Moriri
Lake; western Himalaya™®"; f, Chandra peat bog®.
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between 5.5 and 2.3 cal kyr Bp, which was more
pronounced after 4.2 cal kyr Bp, reaching minimum at
~3.4 cal kyr BP (ref. 57). This decrease in the terrestrial
input can be linked with the reduced moisture output
because of weak ISM®’. Almost similar inferences
were drawn by Dutt et al.*?, indicating abrupt decrease in
terrestrial sediments input in the Tso Moriri Lake
~4.35 kyr BP which protracted till 3.45 kyr BP, suggesting
weak end ISM conditions (Figure 5 €). Grain size proxies
even suggested low precipitation conditions in Ladakh
until 2.45 kyr Bp (ref. 11). Giosan et al.”® suggested a
decrease in water discharge in the Indus River and its
tributaries in the western Himalaya after 3.9 kyr BP.
Multi-proxies record from the Tso Kar Lake suggested
high salinity and reduced lake level after 4.8 cal kyr BpP to
Present due to declined regional precipitation®®. Chandra
peat bog record indicated a short cold-dry spell between
~4808 and 4327 cal yr BP (refs 60-63).

Majority of proxy records suggest a pronounced ISM
weakening beginning at ~4.4 to 4.0 cal kyr Bp in all the
climatic zones of Indian subcontinent, although its ampli-
tude varied temporally and spatially (Figures 2-5). Weak
ISM conditions were observed in PI, NWI, central and
western Himalaya, and AS for a long interval (500-
1000 yrs) (refs 8, 11-15, 47, 48, 53, 54, 56-60), whereas
NEI experienced dryness for a short interval of ~200-
300 yrs (refs 10, 41, 42). The possible reason for this
asynchronicity might be the different behaviour of the
ISM in different regions of Indian subcontinent.

4.2 ka event and its implications on the Indus
civilization

Presently WCI, NWI and CNEI rainfall show a good rela-
tionship with all India homogenous rainfall whereas PI
and NEI zones become out of phase at times'®, which
could have been the case in past too. Further in regions of
low rainfall, e.g. NWI, western Himalaya and parts of
south India like Karnataka, fluctuation of few centimeters
rainfall is amplified whereas rainfall abundant regions
like NEI, Western Ghats, etc. get less affected. Some
recent studies also suggest spatial variations in monsoonal
precipitation over different basins during the Holo-
cene®®,

Proxy records show a pronounced ISM weakening dur-
ing the 4.2 ka event which had cascading impacts on
socio-economic conditions of 1C people® ™. Reduced
ISM precipitation caused less water availability in Indus
river and tributaries****'"*°, Recently, Giesche et al.’
suggest a reduction in westerlies precipitation too in addi-
tion to already weak ISM at ~4.3 to 3.9 kyr BP which im-
parts additional pressure on regional hydrological regime.
Reduced precipitation and river discharge negatively
impacted the agriculture and husbandry in the region, a
major source for livelihood****>%9  Adaptive strategies
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such as water storage system, increased cultivation of
kharif crops, use of drought-resistant seeds, etc. were fol-
lowed by the IC people to face the early phase of aridity
that began ~4.2 kyr Bp. However, the prolonged droughts
repressed the social resilience and adaptations, and
caused population migration from west to east for better
water availability as visualized through settlements aban-
donment near Indus and Ghaggar-Hakra regions and
establishment of new settlements near Ganga—Yamuna
interfluves, which received higher precipitation®®5":%,
Significant decrease in number of sites and size of
settlements in the western part of the IC testify reduced
water resource availability®>®,

Forcing factors

The decrease in solar radiation, cooling in the North
Atlantic, appearance of ENSO like conditions in the
Pacific Ocean, negative phase of the 10D, southward
migration of the ITCZ, and internal variability of the
oceans are suggested to be causative factors for the 4.2 ka
dry event!!1>202440-4265-76 ‘The avjdence of an increase in
°Be and a marginal increase in the AC during 4.2 ka
event demonstrated the possible decline in the solar out-
put which might have triggered such abrupt climate
perturbations™. However, model and palaeoclimatic re-
construction do not record a prolonged and significant
decline in the solar output and cooling in the North
Atlantic Ocean®™"* (Figure 6). The negative phase of
IOD-like condition associated with reduced SST in west-
ern tropical 10 is linked to reduced convection and then
summer rainfall over Indian sub-continent®*®">, But such
high-resolution records for 10D variability are scatchy
and need further investigations. The ENSO has been an-
other major factor to affect the intensity of the ISM™.
Strong ENSO activity is known to be linked with low
precipitation in the Asian monsoon regime™ . Modern
ENSO like conditions appeared at ~4.5 kyr BP and inten-
sified at ~4.3 kyr Bp (ref. 24) (Figure 6). The strongest
ENSO activity existed at ~3.0 ka Bp. The high ENSO
activity could have been associated with the southward
shifting of the ITCZ and weakening of the ISM during
4.2 ka event'*'*. The effect of ENSO is much pronounced
in NWI, PI, central and western Himalaya while not
much significant in northeast India. We anticipate that the
strong ENSO activity and associated southward shifting
of the ITCZ could have caused prolonged ISM weakening
at ~4.2 kyr Bp.

A reason for more pronounced weakening in the western
zone could also be the eastward shifting of the monsoon
belts. The AS branch shifted eastward and as result pre-
cipitation in the eastern region remained similar whereas
it decreased in southern and western parts of India, but
records of Globigerina bulloides from AS, speleothem
record from the Qunf cave, Oman and record from Lonar
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lake suggest a gradual weakening of the summer mon-
soon from middle to late Holocene®*®’" and reject this
hypothesis. Another possibility might be the weakening
of the BoB branch of the ISM’®, which is associated with
decreased rainfall in the Uttarakhand Himalaya. Due to
the weakening of the BoB branch, less moisture was
supplied to the western side of the Indian sub-continent.
The proxy records from India are still sparse and more
high-resolution data required to better explain the influ-
ence of 4.2 ka event on ISM precipitation in different
regions of the Indian subcontinent and possible influenc-
ing factors.

Conclusions

The palaeoclimatic records from the South Asian region
indicate highly variable precipitation conditions suggesting
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Figure 6. Palaeoclimatic records showing (a) North Atlantic cooling/

warming through oxygen isotopes ratio from GISP 2 ice core, Green-
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a complex response of ISM rainfall to forcing factors
during the middle to late Holocene transition interval.
Prolonged aridity of ~500-1000 yrs is evident in records
from southern and northwestern India, central and west-
ern Himalaya; however, a short event of 200-300 yrs has
been observed in studies from northeastern India. Lake
studies from central India and caves from Oman suggest a
gradual decline in precipitation during this interval. The
strong ENSO activity began around 4.3 kyr BP with a
maximum at ~3.0 kyr Bp that might have been the major
factor for this prolonged arid event during middle to late
Holocene transition phase, which triggered migration of
population in the Indian subcontinent. More high-
resolution records are required to better understand ISM
behaviour to various forcing factors in different regions
of the Indian subcontinent during Northgrippian to
Meghalayan shift.
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